Carboxypeptidase E is a member of the carboxypeptidase A and B gene family, with many of the putative active-site and substrate-binding residues conserved between these enzymes. However, the pH optimum of carboxypeptidase E is substantially lower than that of carboxypeptidases A and B. To evaluate whether the difference in the pH optima of these carboxypeptidases reflects fundamental differences in the ionization behaviour of active-site residues, the influence of pH on carboxypeptidase E activity was examined. The Vm.ax for hydrolysis of dansyl-Phe-Ala-Arg is pH-independent between 5 and 7, but decreases at pH values below 5. The PKa for the group the protonation of which leads to the loss of activity is approximately 4.8, and the slope of the Vmax /pH profile suggests that only a single ionizable group is involved. In contrast, Km and VmJax/Km are dramatically influenced by pH over the range 5-7, with multiple ionizable groups detected in this pH range. The pKa of the group the protonation of which decreases the Vmax of substrate hydrolysis is lower (4.5) for carboxypeptidase E which had been reconstituted with Co2+. The enthalpy of ionization of the group observed in the Vmax. profile for carboxypeptidase E is approx. 28.9 kJ/mol. These results are compatible with the activesite model of the homologous carboxypeptidase A: in this model the ionization of a metal-bound water molecule is responsible for the observed decrease in Vmax.
INTRODUCTION
Carboxypeptidase E (CPE) is a prohormone-processing enzyme which is present in brain and many endocrine tissues (Fricker, 1988 (Fricker, , 1991 . This enzyme has been designated EC 3.4.17.10, and is also known as carboxypeptidase H and enkephalin convertase. CPE removes C-terminal basic amino acids from a wide range of peptide hormone precursors (Fricker & Snyder, 1982; Hook & Loh, 1984; Davidson & Hutton, 1987; Fricker, 1988 Fricker, , 1991 Smyth et al., 1989) . CPE has been purified to apparent homogeneity from bovine brain, pituitary and adrenal medulla (Fricker & Snyder, 1983) . The amino acid sequences of bovine, rat and human CPE, which have been deduced from the nucleotide sequences of cDNA clones, show homologies of greater than 90 % between these species (Fricker et al., 1986 Rodriguez et al.,1989; Manser et al., 1990) . The gene encoding rat CPE has recently been isolated and partially sequenced (Jung et al., 1991) . One intron in the CPE gene is located in a position identical with an intron within the rat carboxypeptidase A (CPA) and carboxypeptidase B (CPB) genes, suggesting that these different enzymes evolved from the same ancestral protein (Jung et al., 1991) .
The amino acid sequences of human, rat and bovine CPE show some homology with other metallocarboxypeptidases, such as pancreatic CPA and CPB, mast-cell CPA, serum CPB, serum carboxypeptidase N (CPN), placental carboxypeptidase M (CPM), and carboxypeptidase SG (CPSG), a bacterial carboxypeptidase (Bradshaw et al., 1969; Titani et al., 1975; Fricker et al., 1986; Rodriguez et al., 1989; Reynolds et al., 1989b; Gebhard et al., 1989; Tan et al., 1989; Manser et al., 1990;  Narahashi, 1990; Vallee & Auld, 1990 ; Eaton et al., 1991; Fricker, 1991) .
Analysis of the sequence similarity suggests that there are three subgroups of metallocarboxypeptidase: two for the mammalian enzymes and a third for the bacterial enzyme. Pancreatic CPA, pancreatic CPB, plasma CPB and mast-cell CPA show approx. 40-50 % sequence identity with each other, but only 20 % identity with CPE, CPM and CPN (Bradshaw et al., 1969; Titani et al., 1975; Fricker et al., 1986; Reynolds et al., 1989b; Gebhard et al., 1989; Tan et al., 1989; Eaton et al.,1991) . Similarly, CPE, CPM and CPN are approx. 40-50% identical with each other, and only 20 % identical with the other carboxypeptidases (Bradshaw et al., 1969; Titani et al., 1975; Fricker et al., 1986; Reynolds et al., 1989b; Gebhard et al., 1989; Tan et al., 1989; Eaton et al., 1991) . In addition, the sizes of these two subgroups of carboxypeptidases are different: pancreatic CPA and CPB, serum CPB, and mast-cell CPA are all 30-35 kDa, whereas CPE, CPM, and CPN are 50-60 kDa (Bradshaw et al., 1969; Titani et al., 1975; Fricker et al., 1986; Reynolds et al., 1989b; Gebhard et al., 1989; Tan et al., 1989; Eaton et al., 1991) . The bacterial carboxypeptidase, CPSG, represents a third group of this gene family, with approx. 20-30% sequence identity between CPSG and either the CPA/B subfamily or the CPE/M/N subfamily. The size of the bacterial carboxypeptidase is approximately 34 kDa, and the substrate specificity appears to represent a combination of the specificities of CPA and CPB (Narahashi & Yoda, 1979) .
Although the overall homology between the three subgroups of carboxypeptidases is low, all of the amino acids thought to be essential for metal binding and catalytic activity in CPA and CPB are present in comparable positions in the other carboxypeptidases (Fig. 1) . These residues include His-69, , which bind the Zn2+ in CPA, and Glu-270, which is thought to participate in the cleavage of the substrate (Vallee & Auld, 1990) . (Note: the numbering of CPA is used; the position of these residues is slightly different in the other carboxypeptidases.) Some of the amino acids that are thought to bind to 69 72 (Narahashi, 1990) . replaced by an Asn, Lys, Gly, Asp, and Gln (respectively) in CPE, as well as in CPN (Fig. 1 ).
CPM contains most of these substitutions, but with an Asp, rather than an Asn, for the Arg-71 of CPA (Fig. 1) . Except for CPE, all of the metallocarboxypeptidases are maximally active in the neutral pH range (Hartsuck & Lipscomb, 1971; Folk, 1971; Narahashi & Yoda, 1979; Plummer & Erdos, 1981; Skidgel et al., 1989; Reynolds et al., 1989b) . In contrast, CPE is maximally active in the pH 5.0-5.5 range (Fricker & Snyder, 1982) , corresponding to the intragranular pH of secretory granules in which CPE presumably functions (Russell, 1984; Johnson & Scarpa, 1976 (Fersht, 1983) . The analysis of the pH-dependence of Vm'ax of the reaction catalysed by CPA has demonstrated that two ionizable groups, with PKa approx. 6 and approx. 9, are involved in catalysis (Auld & Vallee, 1970; Kaiser & Kaiser, 1972; Makinen et al., 1985; Mock & Tsay, 1988) . Although there are conflicting reports regarding the participation of specific groups in the active site of CPA, the consensus is that the decrease in CPA activity (kcat./Km) at lower pH is due to protonation of the metal-bound hydroxide ion (PKa approx. 6). The decrease in CPA activity at high pH is less clear; the conventional assignment of Tyr-248 to this ionization is not supported by recent data, and other active-site residues have been proposed (Makinen et at., 1985; Mock & Tsay, 1988 (Mock & Tsay, 1988) .
To investigate whether the active site of CPE is similar to that of CPA and other metallocarboxypeptidases, the effect of pH on the V'ma. and V'ia / Km of substrate hydrolysis by CPE has been determined. In addition, the influence of temperature and metal substitution on the kinetic parameters has been examined. Some interesting similarities and differences between CPE and CPA are apparent from this analysis.
MATERIALS AND METHODS
Purification of CPE and preparation of Co"+-substituted CPE Enzyme was purified from 0.1 m-sodium acetate, pH 5.5, extracts of bovine pituitary glands (from Pel-Frez), as previously described (Fricker & Snyder, 1983) , with minor modifications in the conditions for washing and eluting the affinity column (Fricker et al., 1990) . Basically, the 3000-5000-fold purification of CPE from the pituitary requires a single-step on a Sepharose-paminobenzoyl-Arg substrate affinity resin. CPE activity is specifically eluted from the column by raising the pH of the buffer from 5.5 to 8 (Fricker et al., 1990) . Denaturing PAGE of the purified CPE shows a single band with an apparent Mr of approx. 50000.
Protein was determined from the Bradford (1976) assay with BSA as standard.
Co2"-substituted CPE was prepared by a modification of the procedures of Davies et al. (1968) . First, apoenzyme was prepared by treating a solution of 100 4ug of CPE (2 nmol), 200 ,ug of BSA and 0.1 % Triton X-100 in 10mM-sodium acetate, pH 5.5, with 5 mM-I,10-phenanthroline for 1 h at 4°C (final volume 2 ml).
The enzyme solution was then dialysed against 2 litres of 10pM-1,10-phenanthroline for 2 h, and then against 4 litres of 1 mMCoCl2 (99.999% pure, Aldrich) overnight. This CoCl2 solution and all subsequent buffers were made in glass-distilled deionized water that had been additionally treated with Chelex100 (BioRad). For the assay of Co2'-substituted CPE activity, all buffers contained a final concentration of1 mM-CoCl2, as previously described for the assay of Co2+-substituted CPA (Davies et al., 1968) . CPE assay CPE activity was assayed using the substrate dansyl-Phe-AlaArg. This peptide was synthesized from dansyl-Phe and Ala-Arg as previously described (Fricker & Snyder, 1983) . The purity of the substrate was more than 99 %, on the basis of t.l.c. in two different solvent systems and amino acid analysis (Fricker & Snyder, 1983) . To remove traces of Zn2+ from the substrate, stock solutions were treated with dithizone dissolved in carbon tetrachloride before use (Davies et al., 1968 (Fricker & Snyder, 1983) . Blanks, containing substrate and buffer, but no enzyme, were similarly analysed. The fluorescent readings were converted into pmol of product using a standard curve generated with dansyl-Phe-Ala.
Data analysis Reciprocal initial rates were plotted against reciprocal substrate concentrations, and the data were fitted to the appropriate equations using the Fortran programs of Cleland (1979) . The individual saturation curves used to obtain pH profiles were fitted to eqn. (1), where A is the variable substrate concentration.
Data for pH profiles that showed a decrease in log Vm.ax with a slope of + 1 as the pH was decreased were fitted to eqn. (2). Data for pH profiles of log Vm.. /K were more complicated, and the data were analysed using several equations. The entire dataset was fitted to eqn. (3) which describes a bell-shaped curve. Then the subset of the data obtained between pH 3.8 and 5.4 was fitted to either eqn. (2) or eqn. (4), and another subset of the data obtained between pH 4.5 and 6.7 was fitted to either eqn. (5) or eqn. (6). In eqns. (2H6), y is the parameter the pH-dependence of which is being determined (Vmax./K for peptide hydrolysis), C is the pH-independent value of y, K1 and K' are the dissociation constants of the groups the protonation of which causes y to decrease from its pH-independent value, and K2 and K' are the dissociation constants of the groups the deprotonation of which causes y to decrease from its pH-independent value. dansyl-Phe-Ala-Arg by CPE at any pH examined; this differs from the marked substrate inhibition found for the hydrolysis of small peptide substrates by CPA (Davies et al., 1968) .
The pH-dependencies of V,ax, K. and V"ax /Km are shown in Fig. 2 VMax./pH profiles catalysed by native CPE was determined (Fig.   4) . The pK and the reciprocal absolute temperature show a linear relationship over the temperature range examined (inset, Fig. 4 ). CPA (Auld & Vallee, 1970) and the pH-dependence of K, for ,,,,I I,,,, I,,,, I,,,, I,, several active-site-directed inhibitors (Mock & Tsay, 1988 (Makinen et al., 1985) , the most likely of 4.9 + 0.2 with a sigma value of 0.61. These computer-generated assignment of this ionization is that of a metal-bound water pK values for the Vmax./Km profile should be interpreted with molecule, based on the sequence identity between CPA and CPE, caution since the two acidic and two basic ionizations are not and the shift in PKa observed for Co2+-substituted. CPE. widely separated, and are therefore likely to be shifted from their
The change in CPE activity observed in the pH range 5-7 intrinsic values (Cleland, 1977 (Cleland, 1977;  pH 5.4 (40 #umol min-' mg-') is 6-fold higher than the Vm.ax for Fersht, 1983 (Fersht, 1983) . Analysis of the homologies between CPE and the other metallocarboxypeptidases can provide some clues as to the groups responsible for the pH-dependent substrate binding. Assuming that CPE has a similar, but not necessarily identical, three-dimensional structure to that of CPA and the other enzymes, there are a relatively small number of His, Glu and Asp residues in CPE that are not found in comparable positions in any of the other enzymes. For this analysis, only those residues conserved between human, bovine, rat and angler-fish CPE were considered (Manser et al., 1990; Fricker et al., 1986 Fricker et al., , 1989 Rodriguez et al., 1989; Roth et al., 1991) . The sequences of CPE were compared with human CPM , human CPN (Gebhard et al., 1989) , human and mouse mastcell CPA (Reynolds et al., 1989a,b) , bovine and rat CPA (Bradshaw et al., 1969; Quinto et al., 1982; Gardell et al., 1988) , bovine, rat and crayfish CPB (Titani et al., 1975 (Titani et al., , 1984 Clauser et al., 1988) , human plasma CPB (Eaton et al., 1991) and bacterial CPSG (Narahashi, 1990) . Only three histidine residues (positions 105, 192 and 225 of bovine CPE) are conserved in CPE but not in any of the other enzymes. If the three-dimensional structure of CPE is similar to that of CPA and CPB, these histidines would not be located in appropriate positions to interact with the substrate: His-105 would be present near the exterior portion of a-helix C [using the numbering system of Schmid & Herriott (1976) ], would be present in the middle of a-helix E, and His-225 would be located in an exterior loop between f-sheet 6 and a-helix F. All of these positions are on the opposite side of the protein from the substrate-binding region (of CPA). The possibility that an aspartic acid or a glutamic acid is involved with the substrate binding is more likely from this analysis. There are five glutamic acid and seven aspartic acid residues in CPE that are not in the other carboxypeptidases. Although this analysis is quite speculative, there are two acidic residues that deserve to be mentioned. Asp-132 and Asp-209 in CPE (Fig. 1) are presumably near the substrate-binding region since these residues are near other residues predicted to be in the active site by homology with CPA and CPB. In CPA, CPB, plasma CPB, mast-cell CPA and CPSG, the residues in a position comparable with these Asp residues are usually protonated at neutral pH (Lys, Ser). Thus only the protonated form of Asp-132 and Asp-209 could be functionally equivalent to the corresponding residues in CPA, CPB, plasma CPB, mast-cell CPA and CPSG. If the protonated form of these groups are involved with substrate binding, the ionization of the Asp residues in CPE could account for the observed decrease in Km for pH values above 5.5. It is also possible that other residues within CPE are responsible for the observed pH-dependence of enzyme activity. Residues located at a distance from the substrate-binding region may play a role in the conformation of CPE, which may in turn influence substrate binding. Studies examining the structure of CPE are needed to resolve this possibility, and to elucidate the mechanism of the pH-dependent regulation of CPE.
The kinetic behaviour of CPE over the pH range 5-7 is important since this range corresponds to the physiological pH values encountered by CPE within the cell. CPE presumably functions in the processing of bioactive peptides within secretory granules (Fricker, 1988) . Before the packaging of CPE into the secretory granules, CPE is initially produced in the endoplasmic reticulum, and then transported through the Golgi apparatus.
The internal pH of the endoplasmic reticulum and Golgi apparatus is near neutrality, and CPE would have extremely low activity in these compartments. As CPE is packaged into the secretory granules in the trans Golgi network, the slightly acidic pH of this compartment (Anderson & Pathak, 1985) would cause a substantial increase in CPE activity. This is consistent with the findings that processing of proinsulin (Orci et al., 1987) , proopiomelanocortin (Schnabel et al., 1989) and prosomatostatin (Bourdais et al., 1990) does not occur in the cis or medial Golgi, but only in the trans Golgi network and newly formed secretory granules. At the intragranular pH of the mature secretory granules, which is approximately 5.0-5.5 for granules from bovine pituitary and adrenal medulla (Johnson & Scarpa, 1976; Russell, 1984) , CPE would be maximally active. Finally, on the secretion of CPE from the cell, the neutral pH of the extracellular fluid would substantially decrease CPE activity. Thus pH values in the physiological range presumably regulate CPE activity in vivo.
